When used in educational settings, simulations utilizing virtual reality (VR) technologies can reduce training costs while providing a safe and effective learning environment. Tasks can be easily modified to maximize learning objectives of different levels of trainees (e.g., novice, intermediate, expert), and can be repeated for the development of psychomotor skills. VR offers a multisensory experience, providing visual, auditory, and haptic sensations with varying levels of fidelity. While simulating visual and auditory stimuli is relatively easy and cost-effective, similar representations of haptic sensation still require further development. Evidence suggests that mixing high-and low-fidelity realistic sensations (e.g., audition and haptic) can improve the overall perception of realism, however, whether this also leads to improved performance has not been examined. The current study examined whether audiohaptic stimuli presented in a virtual drilling task can lead to improved motor performance and subjective realism, compared to auditory stimuli alone. Right-handed participants (n = 16) completed 100 drilling trials of each stimulus type. Performance measures indicated that participants overshot the target during auditory trials, and undershot the target during audiohaptic trials. Undershooting is thought to be indicative of improved performance, optimizing both time and energy requirements.
Introduction
Virtual reality, computer-based simulations, and live simulations, collectively referred to as immersive simulated environments (ISEs), have the unique ability to replicate scenarios in diverse contexts, including those pertaining to the acquisition, development, and maintenance of cognitive and psychomotor skills [1] . ISEs provide a safe, cost-effective alternative to real world environments, which may present challenges that make obtaining adequate practice difficult. Users have the ability to practice rare (and sometimes life-threatening) events in a controlled manner in an ISE, while researchers analyze the user's performance and provide feedback, such as accuracy and response time [2, 3] . Users can perform multiple iterations of a task with relevant feedback to develop proficiency before taking their skills to the real world, where psychomotor errors can result in serious consequences. Practicing new motor skills is essential to optimize performance [4] , however, it is not clear how various sensory percepts experienced during training impact skill acquisition and learning. machinery that a user regularly interacts with. The plasticity of our body schema is essential for the manipulation of objects to gather information from our environment. Simulation research provides opportunities for trainees to practice with a variety of tools in a controlled environment, ultimately obtaining skill proficiency that is ideally transferred to the real scenario.
A recent emergence of haptic and audiohaptic interactions within simulation research more accurately replicates the multimodal environment in which humans actually perform [21, 22] . We are constantly engaging with various stimuli, and when two or more sensory inputs are congruent and presented simultaneously, we are able to process and respond to our environment more quickly than if the stimuli were presented separately [15, 23] . Visual and auditory interactions are among the most studied, however, there is an increase in research investigating the role of technology in human-haptic interactions [3, 10, 11] . Sound can induce an intimate response to our physiology, as discussed in a recent study that found an increase in cortisol levels during video game play with music, as compared to the same game without music [24] . Manipulating auditory stimuli in video games can also influence a user's play experience, which ultimately affects their feelings of presence [11, 25] . Presence refers to the feeling of being situated within a virtual environment regardless of the user's physical location, and is thought to be conducive to effective performance in the virtual world [26] . This experience can be challenging to measure, and questionnaire-based approaches are inherently biased, in that asking about presence may induce the very feeling the questionnaire is trying to measure [26] . Behavioral observations, physiological measurements, and correlates of neural activity have all been utilized as an attempt to objectively measure the presence experience [26] [27] [28] .
Some research suggests that the sense of touch provides direct features from the environment, including the physical properties of the surface of manipulated objects, while visual stimuli provides ambiguous sensory information about physical properties [29] . Visual dominance, however, is a well-known phenomenon that explains how visual stimuli typically dominate other percepts (i.e., audition, proprioception, etc.) and drives the multimodal interaction [30, 31] . Hartcher-O'Brien and colleagues [32] conducted a series of studies to determine if vision also dominates the sense of touch. They found that during a speeded discrimination task, participants made more visual-only responses than tactile-only responses in bimodal trials [32] . It is clear that vision plays a critical role in responses that require speed, however, most of these studies use simple response paradigms, where the haptic information provided is not task-relevant. Lin and colleagues [33] found that participants made fewer errors when receiving haptic feedback in a visuomotor tracking task, as compared to not receiving haptic feedback. However, their study included a haptic joystick as the haptic interface, which may not be relevant to tasks performed in a real environment. These findings indicate that greater research is required to explore how task-relevant haptic feedback can influence motor learning adaptations and task performance in simulations and virtual environments.
The current study uses both auditory stimuli and task-relevant audiohaptic stimuli to explore the role of low-fidelity haptic sensation on motor performance and the user's perceived ratings of reality. Our research objective was to examine how low-fidelity auditory and haptic sensations affect performance and perceived realism during a simulated drilling task. Our hypotheses were that force-feedback presented in a virtual wood-drilling simulation would increase ratings of perceived realness and enhance user performance.
Materials and Methods

Participants
This research was carried out in accordance with the Declaration of Helsinki, and the protocol was approved by Ontario Tech University's Research Ethics Board (reference #15042). All participants provided written informed consent prior to participating in the study. Participants were volunteers recruited from the student population at Ontario Tech University, in Oshawa, Canada. Recruitment was done through in-course announcements and by word of mouth. Participants recruited were young adults between the ages of 18-35 years old that were right-hand dominant and self-reported normal vision and hearing. The mean age of participants was 22.9 ± 1.4 years old (n = 16, seven females). All participants reported prior experience using a drill: eleven participants reported minimal prior experience, four participants reported moderate experience, and one participant reported frequent drill use at a job he worked at several years prior. An a priori sample size calculation revealed 15 participants were needed to obtain a large effect size, α-value of 0.05, and power of 0.8 [34] .
The Edinburgh Handedness Questionnaire was used to assess participants' hand dominance, with results indicating right-handed, left-handed, or ambidextrous. Fifteen participants reported right-handedness and one participant reported being ambidextrous. Handedness was measured to ensure participants could effectively operate the haptic controller, which was placed to the right of the computer screen that displayed the simulation.
Auditory Stimuli
The drilling sounds used in the simulation were actual recordings from a Stanley Black and Decker (New Britain, CT, USA) consumer drill, drilling in open air and drilling through wood. The recordings were made in an audiometric room to limit external noise and reverberation of sounds within the environment [11] . Two separate auditory stimuli were used in every trial; an initial "air" recording, representing a drill operating in open air, followed by a "wood" audio clip, recorded from the sounds made from drilling through a block of wood. The air recording was presented with the start of the simulation and stopped once the drill bit made contact with the virtual block of wood, at which point the wood recording started. The wood recording was looped to play throughout the drilling movement. These two recordings allowed the auditory stimuli to be synchronized with the movements of the user, however, they did not change with the depth of the material, nor with pressure changes from the user.
All auditory stimuli were played through external Sony (Tokyo, Japan) speakers, adjacent to a 23-inch display monitor (LG Corporation, Busan, South Korea) depicting the simulation. Auditory stimuli were presented at the same volume for all participants.
Audiohaptic Stimuli
The Novint Falcon, a low-fidelity haptic device by Novint Technologies (Albuquerque, NM, USA), was used to provide haptic force-feedback in the audiohaptic trials. The Falcon provides up to 9.0 N of force-feedback with three degrees of freedom, with a resolution of 400 dpi (dots per inch). Higher-fidelity haptic devices can typically provide up to 40 N of force, with five to seven degrees of freedom [3] . As described in [11] , the haptic sensations provided in this simulation were modeled after the resulting forces and vibrations measured from a real drill drilling through a piece of wood. Haptic forces were simulated using a spring-mass system coded into the Unity game engine (Unity Technologies, San Francisco, CA, USA). A lightweight 3D-printed mock drill was used as the haptic interface to provide realistic tactile input. When a participant pushed the drill forwards to contact the virtual block of wood during an audiohaptic trial, the Falcon provided resistance to the user's motion. The haptic stimuli and wood audio recording occurred simultaneously. Figure 1 displays the stimuli presented in both trial types. 
Procedures
A computer-generated drilling task was utilized to assess motor behavior in a simulated environment. The task was to drill two centimeters (2 cm) into a virtual block of wood, and then rate perceived levels of realism after completion of each trial. The simulation was created using Unity game engine (Unity Technologies, San Francisco, CA, USA), and has been utilized in previous simulation research at Ontario Tech University [11] . Stimuli were presented in four blocks, with each block consisting of 50 trials (25 per condition). The first two blocks (100 trials) were randomized and then repeated, for a total of 200 trials. Five-minute rest periods were allotted every 50 trials, or upon the participants' request. Participants were seated facing the display monitor, with their eyes positioned approximately 72 ± 5 cm away from the screen (measured with a measuring tape). The base of the Novint Falcon was fixed to the table on the right side of the display monitor, while the three moveable arms of the device allowed participants to easily grasp and maneuver the 3D printed drill handle to complete the task.
A five-minute familiarization phase was implemented before the experiment began to ensure participants felt confident in operating the Falcon to complete the task. During this phase, participants were able to view a lateral aspect of the simulation (see Figure 2a ). This side-view provided immediate visual feedback on the depth of the drill-bit as the participant moved the Falcon forward to contact the virtual block of wood. Once participants verbally indicated they were confident with operating the Falcon, they began the experimental phase. A front-view of the simulation, Figure 2b , was the only visual stimuli presented to participants throughout the 200 trials of this phase. The lack of visual information presented during the experimental trials was utilized to 
A five-minute familiarization phase was implemented before the experiment began to ensure participants felt confident in operating the Falcon to complete the task. During this phase, participants were able to view a lateral aspect of the simulation (see Figure 2a ). This side-view provided immediate visual feedback on the depth of the drill-bit as the participant moved the Falcon forward to contact the virtual block of wood. Once participants verbally indicated they were confident with operating the Falcon, they began the experimental phase. A front-view of the simulation, Figure 2b , was the only visual stimuli presented to participants throughout the 200 trials of this phase. The lack of visual information presented during the experimental trials was utilized to isolate the sensation of haptic feedback, and may provide a more realistic scenario (i.e., drilling a hole into drywall, where there is a lack of visual feedback).
into drywall, where there is a lack of visual feedback).
After completion of each trial, participants were asked to rate how realistic the drilling experience was. This was done using a continuous linear visual analogue scale, with "not real at all" representing a score of zero (0), and "very real" representing a score of ten (10) . This type of rating scale was used to deter participants from memorizing previous ratings. The focus of our study was to examine whether low-fidelity haptic sensations had the capacity to enhance performance. Due to the challenges in measuring sense of presence discussed previously [26, 27] , we only asked participants about the sensory aspects of the simulated task. Therefore, after each trial, participants were asked to rate their perceived realness of the sensory stimuli presented in that trial. A screenshot of the subjective rating scale can be seen in Figure 2c . For each trial, drilled depth and rating of perceived realness were recorded. 
Data Acquisition and Analysis
Performance Data
The Unity game engine (Unity Technologies, San Francisco, CA, USA) was used to run the simulation, and collect and record performance data. Performance measures were obtained from all participants by recording mean drilled depth and calculating absolute, constant, and variable errors After completion of each trial, participants were asked to rate how realistic the drilling experience was. This was done using a continuous linear visual analogue scale, with "not real at all" representing a score of zero (0), and "very real" representing a score of ten (10) . This type of rating scale was used to deter participants from memorizing previous ratings. The focus of our study was to examine whether low-fidelity haptic sensations had the capacity to enhance performance. Due to the challenges in measuring sense of presence discussed previously [26, 27] , we only asked participants about the sensory aspects of the simulated task. Therefore, after each trial, participants were asked to rate their perceived realness of the sensory stimuli presented in that trial. A screenshot of the subjective rating scale can be seen in Figure 2c . For each trial, drilled depth and rating of perceived realness were recorded.
Data Acquisition and Analysis
Performance Data
The Unity game engine (Unity Technologies, San Francisco, CA, USA) was used to run the simulation, and collect and record performance data. Performance measures were obtained from all participants by recording mean drilled depth and calculating absolute, constant, and variable errors for both trial conditions (see Supplementary Tables S1 and S2 ). Absolute error represents the average error without reference to direction, whereas constant error indicates the direction of error, and variable error refers to the variability of performance trials [35] [36] [37] . Absolute error was calculated as the absolute value of the difference of the drilled depth and the target depth (2 cm; Equation (1)), constant error was calculated as the signed difference between drilled depth and target depth (Equation (2)), and standard deviation of constant error was used as variable error (Equation (3)).
Perceived Realness Data
Subjective ratings of reality were obtained after every trial, with participants clicking and dragging a computer mouse to a desired location along the linear scale to indicate their rating. Mean ratings were recorded for each trial condition (see Supplementary Tables S1 and S2 ).
Statistical Analysis
Mean drilled depth, absolute error, constant error, and variable error were calculated for each participant in response to each trial type. The mean rating of realness was also calculated for both conditions for every participant. Data points beyond ±2 standard deviations were removed in each dependent variable (drilled depth, absolute error, constant error, and variable error) prior to statistical testing, which accounted for 6% of all data. A 3 performance measure (absolute, constant, and variable error) by 2 stimulus (audiohaptic and auditory alone) multivariate analysis of variance (MANOVA), with repeated measures on the last factor, was conducted to determine significant differences in task performance. To determine differences in biological sex, a 3 performance measure by 2 sex (male and female) by 2 stimulus MANOVA, with repeated measures on the last factor, was conducted. Subjective ratings of reality were compared between auditory and audiohaptic trials using a paired samples t-test. Alpha was set as p < 0.05, and partial eta squared (ηp 2 ) values were reported for estimates of effect size, where 0.01 indicated a small effect size, 0.06 a medium effect size, and 0.14 a large effect size [38] . All statistical tests were run using SPSS ® version 26 (Armonk, NY, USA). All data was checked for normality using Shapiro-Wilk's test.
Results
Performance Results
Means and standard deviations are critical for statistical analysis, however it is equally important and perhaps more interesting to consider how each individual participant behaved when exposed to the different stimulus types. Figure 3 demonstrates the drilling behaviors (constant error) of each participant in both audiohaptic and auditory-only conditions. Participants 1-10 reported minimal past experience with drills, participants 11-14 reported moderate experience, while participant 15 reported extensive prior experience using power tools. Note that every participant, regardless of experience, undershot the target during all audiohaptic trials, and overshot during auditory trials. MANOVA results revealed a main effect of stimulus (F(3,12) = 78.879, p < 0.001, ƞp 2 = 0.952). Univariate testing revealed a significant stimulus by absolute error interaction (F(1,14) = 17.839, p < 0.001, ƞp 2 = 0.560), demonstrating larger error during the auditory trials. Significant differences were also found in the stimulus by constant error interaction (F(1,14) = 92.851, p < 0.001, ƞp 2 = 0.861), demonstrating negative error during the audiohaptic trials. This finding indicates that on average, participants consistently overshot (over-drilled) the target by 3.6 ± 0.9 cm during auditory trials, while undershooting by 1.2 ± 0.4 cm during the audiohaptic trials. Significant differences were also found in the stimulus by variable error interaction (F(1,14) = 35.063, p < 0.001, ƞp 2 = 0.715), revealing greater variability during the auditory trials. These findings indicate that participants performed better (made less errors) during the audiohaptic trials (Figure 4 ). There was no main effect of sex (p = 0.9). MANOVA results revealed a main effect of stimulus (F (3, 12) = 78.879, p < 0.001, ηp 2 = 0.952). Univariate testing revealed a significant stimulus by absolute error interaction (F (1, 14) = 17.839, p < 0.001, ηp 2 = 0.560), demonstrating larger error during the auditory trials. Significant differences were also found in the stimulus by constant error interaction (F (1, 14) = 92.851, p < 0.001, ηp 2 = 0.861), demonstrating negative error during the audiohaptic trials. This finding indicates that on average, participants consistently overshot (over-drilled) the target by 3.6 ± 0.9 cm during auditory trials, while undershooting by 1.2 ± 0.4 cm during the audiohaptic trials. Significant differences were also found in the stimulus by variable error interaction (F (1, 14) = 35.063, p < 0.001, ηp 2 = 0.715), revealing greater variability during the auditory trials. These findings indicate that participants performed better (made less errors) during the audiohaptic trials (Figure 4 ). There was no main effect of sex (p = 0.9). Brain Sci. 2019, 9, 
Perceived Realness Results
A paired samples t-test examining ratings of perceived realness revealed a significant difference between the audiohaptic and auditory-alone trial types, t(14) = 15.858, p < 0.001. These results show that participants rated audiohaptic trials as being more realistic than the auditory trials ( Figure 5 ). 
A paired samples t-test examining ratings of perceived realness revealed a significant difference between the audiohaptic and auditory-alone trial types, t (14) = 15.858, p < 0.001. These results show that participants rated audiohaptic trials as being more realistic than the auditory trials ( Figure 5 ). 
Discussion
This study examined differences in motor performance between audiohaptic and auditory-only trials during a virtual drilling task. Performance errors were significantly greater in the auditory-only trials, while ratings of perceived realness were significantly higher in the audiohaptic trials. These findings support our hypothesis that audiohaptic stimuli will improve motor performance and subjective ratings of realness in a drilling simulation. These results are not surprising, as haptic feedback provides information regarding the drilling process and the physical qualities of the drilling surface.
An important strength of this study is that it provides evidence that low-fidelity haptic feedback can improve drilling performance. It is known that congruent external stimuli associated with a motor command can facilitate motor learning, and when practicing optimal behavior with these stimuli (visual, auditory, and haptic), motor skill performance can improve [4, 33] . Absolute error was significantly larger in the auditory-only trials, indicating that audiohaptic stimuli leads to better performance during low-fidelity drilling tasks. This is supported by previous work on the importance of haptic perception in motor tasks [3, 33] . Lin and colleagues [33] concluded that haptic feedback enhanced motor learning in a visuomotor tracking task, and these results were accompanied by differences in cortical brain activity. These findings demonstrate the importance of using taskrelevant haptic feedback during motor skill acquisition.
The constant error results, which take into account the direction of error, revealed that users consistently under-drilled during audiohaptic trials. This is similar to the behavior of undershooting targets in reaching and aiming studies [39, 40] . Research suggests that an initial undershoot towards a target requires less time and energy to correct when compared to overshooting [41, 42] . Overshooting requires the limb to travel further and decelerate in order to return to the target, thus 
An important strength of this study is that it provides evidence that low-fidelity haptic feedback can improve drilling performance. It is known that congruent external stimuli associated with a motor command can facilitate motor learning, and when practicing optimal behavior with these stimuli (visual, auditory, and haptic), motor skill performance can improve [4, 33] . Absolute error was significantly larger in the auditory-only trials, indicating that audiohaptic stimuli leads to better performance during low-fidelity drilling tasks. This is supported by previous work on the importance of haptic perception in motor tasks [3, 33] . Lin and colleagues [33] concluded that haptic feedback enhanced motor learning in a visuomotor tracking task, and these results were accompanied by differences in cortical brain activity. These findings demonstrate the importance of using task-relevant haptic feedback during motor skill acquisition.
The constant error results, which take into account the direction of error, revealed that users consistently under-drilled during audiohaptic trials. This is similar to the behavior of undershooting targets in reaching and aiming studies [39, 40] . Research suggests that an initial undershoot towards a target requires less time and energy to correct when compared to overshooting [41, 42] . Overshooting requires the limb to travel further and decelerate in order to return to the target, thus firing alternate muscle groups and slowing down the performance of the task [39, 42] . This tendency to undershoot persists in movements with added mass and tool-use [36] . These findings have real world implications, as in many drilling tasks it is critical not to overshoot. A surgeon performing an orthopedic surgery requires precise control while drilling through bone and avoiding injury to surrounding tissues, and carpenters should abstain from drilling too deep to avoid damaging structural materials. Although this study was focused on a simulated wood-drilling task, the results can be applied to various drilling scenarios. The fact that participants were more accurate during audiohaptic trials, undershooting by an average of 1.2 cm, as compared to overshooting by 3.5 cm in the auditory trials, indicates how critical haptic sensation is for accurate motor performance. It is important to note the significant amount of undershoot during the audiohaptic trials. This is likely due to the low quality of force-feedback provided by the Falcon, and the weight of the 3D printed drill attachment that participants used to complete the trials. In a real drilling situation, the user must lift and hold the drill in place before applying force to the drilling surface. In the current study, the base of the Falcon was stationary and fixed to a tabletop, which likely affected the users' ability to judge the drilling depth, and decreased the proprioceptive feedback from the drill-user interaction that occurs in real situations. In addition, the haptic interface was a lightweight mock drill attachment, which may not accurately represent the weight of drills used in real situations. Despite these limitations, participants performed better when exposed to low-fidelity haptic sensations, indicating that this form of haptic feedback improves accuracy.
Another strength of this study is that it indicated that even a low-fidelity device, (such as the Falcon) provided haptic information that allowed users to experience a more realistic drilling process. User experience is a fundamental aspect of simulations, whether they are used for entertainment, education, or training. This study found that participants rated the audiohaptic trials significantly higher in terms of realness when compared to the auditory-only trials, which supports our hypothesis. These results demonstrate that low-end haptic devices, when used in a relevant context, can provide enough haptic sensation to enhance ratings of reality, when compared to trials without haptic feedback. It is likely that audiohaptic interactions were able to influence a user's experience, leading to a more realistic perception of the simulated environment. These results verify prior findings from Melaisi and colleagues [21] , who found that users perceived the highest level of haptic fidelity in a drilling task when presented with a drill audio recording, compared to listening to classical music, heavy metal, white noise, or no sound at all. The same participants also felt that sound was an important aspect of their experience, which highlights the importance of contextual stimuli [21] . The current study builds on this research and indicates that low-fidelity audiohaptic stimuli can enhance a user's perceived realism, when compared with audio stimuli alone. Future studies should assess how multimodal interactions affect task perception during a drilling simulation.
This study required participants to be seated in front of a computer simulation, which may not represent most drilling scenarios. Although seated positions are common in these types of simulations, it is possible that this protocol could have affected participants' perception of the task. However, our results indicate large effect sizes for all statistically significant findings, so postural positioning is unlikely to have drastically influenced our results. For future simulation studies, it is recommended to examine the effects of body position on task performance and perception of multimodal stimuli.
This study provides evidence that low-fidelity haptic sensations, when combined with congruent audio stimuli, can enhance drilling performance and perceived realness. To support the findings of this research, future studies should compare the results of the simulation to those with a higher-end device or a real drill. This would provide us with more information regarding haptic fidelity and the overall perception of the simulation experience. Participants did not pull a trigger to start the drilling sensations, and this could have influenced their perception of the task. Future work should modify the task to begin when the user presses the trigger, as this would reflect a more realistic drilling process. It is also recommended that future research should explore whether variations in multimodal stimuli can influence drilling performance. Our paradigm only considered the effect of task-relevant haptic and audio stimuli on drilling performance; however it is important to understand that this task involves the interaction of other senses as well. It would be interesting to explore how a combination of visual, auditory, and haptic stimuli affect performance errors and perceived realism. This study observed the drilling behavior of participants who had prior experience operating a drill, although we did not explore differences between levels of user experience. Future work should examine how the level of user experience (i.e., novice, intermediate, expert) affects drilling performance and overall perception of the simulated task. Although we found no sex differences in performance, we had a small sample of participants in each group. As differences between sexes might be expected in these types of studies, it is recommended that future work should examine these differences with a larger sample size. Motor learning also involves skill retention and transfer, which we did not test for in this study. Manipulating the experiment to create a more difficult task, and adding a second session the following day to assess skill retention could provide us with critical information on how humans learn psychomotor skills in simulations. It is also possible that drilling to shallow depths provides more difficulty for participants, in which case future studies could explore the effects of altering the target depth.
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